INTRODUCTION
============

Idiopathic pulmonary fibrosis (IPF) is a rapidly progressive and fatal interstitial pulmonary disease with a dismal median survival time of just 3 years after diagnosis ([@R1], [@R2]). To date, the IPF therapies depend on blocking myofibroblast activation to inhibit collagen I deposition ([@R3], [@R4]). However, the clinical data showed that these therapies remained far from achieving IPF revision. The main reason is that the IPF therapeutics lack an effectively targeted carrier or ignore some of the other risk factors such as the instability and tolerability of type II alveolar epithelial cell (AEC II) ([@R5], [@R6]). The AEC II, which is considered as "injured" AEC II ([@R7], [@R8]) in the IPF tissues, releases excessive amounts of reactive oxygen species (ROS) that initiate an antifibrinolytic coagulation cascade and promote the overexpression of connective tissue growth factor (CTGF) to provoke myofibroblast overactivation and extracellular matrix (ECM) development and then destroy the lung architecture ([@R9]--[@R11]). This situation has inspired us to propose that the combination of modulating superoxide in injured AEC II and antimyofibroblast activation as "weeding and uprooting" strategy will be a potential therapeutic strategy for synergistic antifibrosis. Furthermore, another limitation is that current therapies are rarely distributed in the lungs, which cannot achieve full therapeutic effect for treating IPF ([@R12]). Thus, the development of an effective lung-targeting drug delivery carrier is highly desirable for IPF therapy.

Recently, local preferred therapeutic agents generated using endogenous cells have served as a strong and promising delivery platform for targeting in situ, achieving considerable progress in several diseases ([@R13]--[@R17]). In the inflammatory phase of IPF, precursor circulating monocytes (PCMs) have been found to undergo notable proliferation ([@R18]). PCMs and injured AEC II release chemotactic factors that specifically recruit chemokine receptor--positive (CR^+^) cells including monocyte-derived multipotent cell (MOMC) and guide the MOMC to migrate to injured lung tissues through specific binding to chemokine receptors on cell membrane ([@R19], [@R20]). Furthermore, in addition to this migration characteristic, these MOMCs, which originate from hematopoietic stem cells in the bone marrow, still have multipotency to differentiate into a variety of functional cells, including AEC II and endothelial cell ([@R21], [@R22]), which demonstrates that MOMC has the potential to participate in reestablishing lung functions ([@R23]). In addition, chronic hypoxic exposure induces the recruitment of MOMC to the pulmonary circulation, and the cell contributes to improving lung functions by producing angiogenic factors ([@R24]). It has been reported that monocytes from patients with IPF also show preconditioned prorepair features ([@R25]). In general, MOMC as a precise lung-targeting delivery platform will exhibit encouraging therapeutic effects, leading to the repair or regeneration of injured AEC II for IPF treatment.

In this study, we constructed the programmed therapeutics composed of surface-engineered nanoparticles (PER NPs) loading dual drugs adhered to MOMC (named MOMC/PER) to solve the issues in IPF therapy by improving drug accumulation in injured lung sites and completely destroying the fibrotic signaling network in IPF ([Fig. 1](#F1){ref-type="fig"}). The MOMC/PER delivery platform realized efficacy through programmed modules, which consisted of a homing moiety, responsive release moiety, and retargeting moiety. (i) The homing moiety is the native ability of MOMC/PER to migrate to injured lungs due to the homing characteristic of MOMC. (ii) The responsive release moiety of MOMC/PER is activated by matrix metalloproteinase-2 (MMP-2) overexpression in IPF tissues, resulting in pathology-responsive release of PER NPs with exposed cyclic RGDfc (Arg-Gly-Asp) \[c(RGDfc)\] from the MOMC. (iii) The retargeting moiety is that exposed c(RGDfc) on PER NPs can anchor to injured AEC II via an interaction between α~v~β~6~ and c(RGDfc) ([@R26]), allowing the cytoplasm of the injured AEC II internalize PER NPs. Subsequently, astaxanthin (AST) and trametinib (TRA) are released from PER NPs to achieve a weeding and uprooting therapeutic effect. In general, the sustained injury of epithelial cells and highly heterogeneous myofibroblasts is considered as the most critical variable in achieving complete IPF reversion ([@R27]). To validate the above hypothesis, in this study, AST was chosen as an antioxidant by neutralizing superoxide to repair injured AEC II ([@R28]), and TRA suppressed the activation of myofibroblast by inhibiting CTGF production for IPF therapy ([@R29]). MOMC also participates in treating IPF by repairing injured AEC II to promote regeneration of IPF lungs ([@R21]). Overall, MOMC/PER, which mimics the features of chimeric antigen receptor T cell immunotherapy, is a precise lung-targeting platform to reverse IPF by improving drug accumulation due to the outstanding homing ability of MOMC to injured lung sites, and the destruction of the fibrotic signaling network by inhibiting the activation of myofibroblast and repairing injured AEC II to promote the damaged lungs regeneration.

![Schematic illustration of lung-targeted programmed MOMC/PER therapeutic designed to reverse IPF.\
(**A**) Bioconjugated MOMC/PER was prepared by incubating PER NPs with MOMC. (**B**) MOMC/PER has multifunctional moieties including a homing moiety, responsive release moiety, and retargeting moiety to reverse IPF. Then, a weeding and uprooting strategy contributes to IPF reversion. (**C**) Schematic illustration of MOMC/PER for improved drugs accumulation and antifibrotic effect in IPF lung microenvironment.](aba3167-F1){#F1}

RESULTS
=======

Potential application and characterization of MOMC/PER in IPF mice
------------------------------------------------------------------

The quantities of MOMC in serum and lung tissues were significantly increased in IPF mice compared with normal mice ([Fig. 2A](#F2){ref-type="fig"}). The proliferation of MOMC was positively related to IPF progression, which might be because increasing numbers of MOMC would be recruited from the bone marrow to the lesion sites when IPF occurred ([@R30]). Motivated by the fact that MOMC has a homing ability, we considered MOMC to be a potential delivery carrier to improve delivery efficiency in IPF treatment under pathological conditions.

![The PER NPs can adhere to MOMC and pathology responsively release and then be internalized by A549 in vitro.\
(**A**) The proliferation of Nanog^+^ cells in serum and lung tissues by ELISA assay. (**B**) The MOMC phenotypes. The level of TGF-β (**C**) and hydroxyproline (**D**) in IPF lung tissues, respectively. (**E**) The level of TGF-β/Smad in vitro. (**F**) Schematic showing the preparation of MOMC/PER. (**G**) Schematic showing the adhesion of PER NPs to MOMC. (**H**) SEM images of MOMC and MOMC/PER-DiI. (**I**) Fluorescent signals of MOMC and PER-DiI NPs by CLSM. (**J**) The adhesion between MOMC and PER-DiI NPs by flow cytometry. (**K**) In vitro migration model. The migration ability of MOMC and MOMC/PER in CXCL 12 (**L**) and CCL 19 (**M**), respectively. (**N**) Schematic showing sensitive release of MOMC/PER-DiI triggered by MMP-2. (**O**) Characterizations by TEM. MOMC is the triangle, and PER-DiI NPs are the arrows. (**P**) Fluorescent images of MOMC and released PER-DiI NPs by CLSM. (**Q**) The flow cytometry showed responsive release. (**R**) Schematic showing the retarget ability of released PER NPs. (**S**) Characterization of retargeting ability by TEM. (**T**) The fluorescent images by CLSM. (**U**) Cellular uptake in A549 by flow cytometry (*n* = 3). Statistical significance was calculated via one-way analysis of variance (ANOVA).](aba3167-F2){#F2}

We first isolated MOMC from the peripheral blood of C57BL/6J male mice of IPF. The morphologies of the MOMC were fusiform (fig. S1). To identify the phenotypes of MOMC isolated from IPF mice, we first investigated the presence of specific markers for MOMC by immunofluorescence staining. The results showed that MOMC expressed CD11b and α--smooth muscle actin (α-SMA) ([Fig. 2B](#F2){ref-type="fig"}), which was consistent with the literature ([@R24]). In addition, the MOMC also expressed the stem cell markers CD14 and Nanog protein and the injured AEC II's marker pro-surfactant protein C (SPC), as shown in [Fig. 2B](#F2){ref-type="fig"}. These results indicated that MOMC was pluripotent cells with stem cell-- and epithelial cell--like properties. It has been reported that MOMC was recruited to damaged lung areas and participated in recovering injured lung normalization through growth factor release to repair injured AEC II ([@R30]). In addition, to inspect the potential risk of injecting MOMC into mice, we further investigated the feasibility of using isolated MOMC as a delivery carrier, including measuring the levels of transforming growth factor--β (TGF-β) and hydroxyproline, which are closely related to the development of IPF in vivo. The results displayed approximately onefold reduction in TGF-β and hydroxyproline levels in IPF mice treated with MOMC compared with untreated bleomycin (BLM)--induced mice, and these indexes were barely changed in normal mice, indicating that MOMC would not induce the occurrence of IPF and partly relieved established IPF ([Fig. 2, C and D](#F2){ref-type="fig"}).

We next prepared PER NPs that contained two target peptides named peptide E5 and c(RGDfc). The poly(lactide-*co*-glycolide)-*block*-poly(ethylene glycol) methyl ether maleimide (PLGA-PEG-Mal) and PLGA-PEG-c(RGDfc) (mass ratio, 10:1) were self-assembled by noncovalent interactions of amphiphilic PLGA-PEG copolymer into nanoparticles ([@R31]), and then, peptide E5 was bound on the NPs by the Michael reaction (fig. S2A). As determined by ^1^H nuclear magnetic resonance spectroscopy (fig. S2B) and SDS--polyacrylamide gel electrophoresis (SDS-PAGE) (fig. S2C), we successfully prepared PER NPs, and the grafting rate of peptide E5 in the PER NPs was 43.7%. The PER NPs showed particle sizes of approximately 110 ± 10.39 nm and the zeta potential of −23.37 mV (fig. S2, D and E). In addition, AST and TRA were encapsulated into PER NPs (fig. S2F). The drug loading content of the PER NPs was 1.98 weight % (wt %) for AST and 2.83 wt % for TRA. The sustained release of the loaded AST was 49.5 wt %, and the pH-dependent release of the loaded TRA (weak alkalinity) was 79.6 wt %, which were obtained at pH 5.0 within 72 hours (fig. S2G). Then, we investigated the capacity of MOMC to differentiate into myofibroblast after treatment with PER NPs in vitro. As shown in [Fig. 2E](#F2){ref-type="fig"}, the expression of TGF-β/small mother against decapentaplegic (TGF-β/Smad), which is molecule in the crucial pathway for myofibroblast activation, was decreased, suggesting that the PER NPs could inhibit MOMC differentiation. The possible reason for the inhibition was that the PER NPs partly covered the TGF-β receptor on the MOMC and reduced exogenous TGF-β stimulation within 8 hours, and then, the PER NPs could be gradually internalized. The released drugs could reduce TGF-β expression of MOMC after 8 hours (fig. S3, A and B).

We next constructed MOMC/PER as a delivery platform/therapeutic carrier ([Fig. 2F](#F2){ref-type="fig"}), and PER NPs loaded with both drugs could specifically adhere to MOMC through the interaction between peptide E5 of the PER NPs and the CXCR4 on the MOMC by a temperature-dependent manner ([@R32], [@R33]). The formation of MOMC/PER was positively correlated with the incubation time within 2 hours (fig. S3, A and B). Moreover, the PER NPs could specifically stick to the surface of the MOMC without internalization by the MOMC within 8 hours ([Fig. 2G](#F2){ref-type="fig"}). The reasons may be that peptide E5 conjugated on the surface of the PER NPs is a long-chain peptide that limits internalization into the MOMC and that CXCR4 is not an endocytic receptor ([@R34]). The MOMC/PER had a loading capacity of 4.75 μg of TRA and 1.5 μg of AST/1 × 10^5^ cells (fig. S3, C and D). In addition, MOMC cell viability was above 80% with different concentrations of PER NPs and different incubation times (fig. S4, A and B).

To investigate the adhesion of MOMC and PER NPs, the 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) was loaded into blank PER NPs (PER-DiI NPs) to evaluate adhesion behavior. After incubating with MOMC and PER-DiI NPs for 2 hours, the morphologies of the MOMC/PER-DiI were confirmed by scanning electron microscopy (SEM) ([Fig. 2H](#F2){ref-type="fig"}) and confocal laser scanning microscopy (CLSM) ([Fig. 2I](#F2){ref-type="fig"}). Flow cytometry detection also indicated the formation of MOMC/PER-DiI in that the MOMC labeling green and PER-DiI NPs were collected in the double-positive quadrant ([Fig. 2J](#F2){ref-type="fig"}).

Sequentially, migration via the interaction between a receptor and ligand is the vital characteristic that needs to be retained by MOMC/PER to realize efficient delivery ([Fig. 2K](#F2){ref-type="fig"}). The migratory capability of MOMC/PER was detected by a Transwell invasion assay. The results indicated that the migratory ability of the MOMC/PER was unaffected by PER NPs adhering to the surface of MOMC ([Fig. 2, L and M](#F2){ref-type="fig"}) at all studied concentrations (fig. S4, C and D).

To establish the retargeting ability of PER NPs, MMP-2 overexpressed in IPF tissues was used as an activating trigger to release PER NPs from MOMC/PER. As depicted in [Fig. 2N](#F2){ref-type="fig"}, the separation of PER-DiI NPs from MOMC was well evidenced by transmission electron microscopy (TEM) and CLSM ([Fig. 2, O and P](#F2){ref-type="fig"}) and flow cytometry ([Fig. 2Q](#F2){ref-type="fig"}). We also detected the phenomenon by SDS-PAGE and particle sizes changes (fig. S4, E and F). After PER NPs were released from MOMC/PER, the exposed peptide c(RGDfc) of the PR NPs could retarget α~v~β~6~, which is overexpressed on the surface of injured AEC II ([Fig. 2R](#F2){ref-type="fig"}) ([@R35]). Then, we investigated the capacity of injured AEC II to uptake PLGA-PEG-c(RGDfc)--coumarin 6 (PR-C6) compared with free C6 and PLGA-PEG--C6 (PP-C6) by TEM and CLSM. The internalization of PR-C6 was better than other forms (C6 and PP-C6) ([Fig. 2, S to U](#F2){ref-type="fig"}). In addition, PR-C6 also underwent lysosomal escape (fig. S4G).

Homing ability and therapeutic efficacy of MOMC/PER in vivo
-----------------------------------------------------------

The homing ability of MOMC/PER was investigated in IPF models in vivo ([Fig. 3A](#F3){ref-type="fig"}). We first examined the lung accumulation of 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR)--loaded into blank PER NPs (PER-DiR NPs) adhere to MOMC (MOMC/PER-DiR) after intravenous administration. The DiR fluorescence accumulated in the lungs of the MOMC/PER-DiR group, which indicated that compared with MOMC-loading DiR (MOMC-DiR) and free-DiR, MOMC/PER-DiR had a superior ability to target IPF lungs ([Fig. 3B](#F3){ref-type="fig"}). Then, we quantitatively analyzed the drug distribution in the tissues of each organ. The DiR fluorescence intensity in the lungs was 3.5- and 0.5-fold greater than that in the liver in the MOMC/PER-DiR and MOMC-DiR groups, respectively. In addition, there was little accumulation of free DiR in the lungs than that in the liver ([Fig. 3C](#F3){ref-type="fig"}). MOMC loading of DiR could improve DiR accumulation in IPF lungs due to the homing ability of the MOMC.However, the accumulation of MOMC-DiR was weaker than that of MOMC/PER-DiR. This may be because the free dye carried by the MOMC was limited compared with that carried by the PER NPs, which suggested that MOMC/PER could solve the limitation of conventional drug loading of cells. In addition, we further evaluated the homing capacity of MOMC/PER, the responsive release ability of MOMC/PER mediated by MMP-2, the released PER NPs with exposed c(RGDfc), and the retargeting to injured AEC II by immunofluorescence staining. The DiI was chose to a tracer agent, labeling the PER-DiI NPs with red fluorescence, and then, the PER-DiI NPs adhered to MOMC to form MOMC/PER-DiI. Nanog and SPC, which represented MOMC and injured AEC II, respectively, were labeled in green fluorescence. Then, the MOMC/PER-DiI was administered to IPF mice by intravenous injection. As shown in [Fig. 3D](#F3){ref-type="fig"}, the PER-DiI NPs labeled in red overlapped with the MOMC marked in green, generating a merged yellow signal, which revealed that the MOMC/PER-DiI notably accumulated in the lungs of IPF mice in stage 1 (homing to lungs). In stage 2 (releasing PER-DiI NPs), the PER-DiI NPs labeled in red were separated from the MOMC labeled in green, indicating that the PER-DiI NPs were released from the MOMC membrane surface and exposed c(RGDfc) at fibrotic foci as a result of the overexpression of MMP-2 in the IPF microenvironment. Then, the PER-DiI NPs labeled in red overlapped with injured AEC II^SPC+^ labeled in green, implying that the PER-DiI NPs retargeted to injured AEC II through the interaction between the exposed c(RGDfc) ligand and the α~v~β~6~ receptor on the surface of the injured AEC II in stage 3 (retarget injured AEC II) ([Fig. 3D](#F3){ref-type="fig"}). Collectively, these results showed that MOMC/PER-DiI had the native ability to home to damaged lungs and then were activated by programmed procedures, confirming that MOMC could function as a vehicle to deliver PER NPs to injured lungs.

![Homing ability and therapeutic efficacy of MOMC/PER in vivo.\
(**A**) Schematic of the targeting performance of MOMC/PER in the blood circulation to IPF lungs. (**B**) In vivo fluorescence images of IPF mice intravenous injection with MOMC-DiR, MOMC/PER-DiR, and DiR (*n* = 3). (**C**) Quantification of the in vivo retention profile (*n* = 3). (**D**) The different stages of MOMC/PER-DiI. (**E**) The whole lungs were imaged and investigated after 28 days. Lung morphologies (i) \[Photo credit (i): Xin Chang, China Pharmaceutical University\], H&E staining (ii), and Masson staining (iii). The morphologies of mitochondria by TEM (iv). The levels of TGF-β (**F**), IL-1β (**G**), and IL-4 (**H**) by ELISA assay (*n* = 5). The levels of lymphocytes (**I**), white blood cells (**J**), and neutrophils (**K**) in whole blood (*n* = 5). The levels of GSH (**L**) and SOD (**M**), respectively (*n* = 5). (**N**) The expression of SPC. (**O**) Survival rate curves (*n* = 10). Statistical significance was calculated via one-way ANOVA.](aba3167-F3){#F3}

To confirm the curative effect of MOMC/PER, we investigated lung morphologies after the administration of MOMC/PER or other treatments. As showed in [Fig. 3E](#F3){ref-type="fig"}, MOMC/PER could greatly relieve IPF according to hematoxylin and eosin (H&E) and Masson staining. Images of lung morphologies showed obvious normalization after treatment with MOMC or MOMC/PER compared with no treatment ([Fig. 3E](#F3){ref-type="fig"}, i). H&E staining showed that lung tissues in the MOMC/PER group were not destroyed and that the alveolar sizes were same as normal lung tissues ([Fig. 3E, ii](#F3){ref-type="fig"}). In addition, compared with no treatment, MOMC also partly protected the lung architecture; however, there was a gap between the MOMC/PER and normal groups. Similarly, Masson staining also showed that the MOMC/PER group exhibited an excellent reduction in collagen I deposition ([Fig. 3E, iii](#F3){ref-type="fig"}). IPF is also induced by mitochondrial oxidative stress in injured AEC II. Hence, we examined the capability of MOMC/PER to repair injured AEC II by maintaining mitochondrial morphologies ([Fig. 3E, iv](#F3){ref-type="fig"}). The morphologies of mitochondria were close to normal in the MOMC/PER group compared with the MOMC group and BLM group, suggesting that MOMC/PER could repair injured AEC II to maintain normal lungs by improving mitochondrial function. Furthermore, we tested the expression of proinflammatory cytokines \[TGF-β, interleukin-1β (IL-1β), and IL-4\], which play major roles in excessive ECM formation during IPF progression. As shown in [Fig. 3 (F to H)](#F3){ref-type="fig"}, the expression of TGF-β in the MOMC/PER treatment group was nearly threefold lower than that in the BLM group, and the expression of IL-1β and IL-4 also decreased by nearly 0.5- and 1-fold, respectively, in the MOMC/PER group compared with the BLM group, suggesting that MOMC/PER could block IPF progression by inhibiting the secretion of proinflammatory cytokines. In addition, the formulations of MOMC and MOMC/PER showed well biocompatibility in a hemolysis test (fig. S5). In addition, inflammatory cells were quantified in whole blood in these groups after treatment. Compared with the BLM group, the MOMC/PER group showed inhibited inflammatory cell proliferation ([Fig. 3, I to K](#F3){ref-type="fig"}), which indicated that MOMC/PER had the ability to alleviate IPF progression in the inflammatory phase. In addition, the results implied that MOMC had a certain ability to inhibit the proliferation of inflammatory cells. Next, glutathione (GSH) and superoxide dismutase (SOD), which are significant inhibitors of ROS, were used to balance the ROS content of injured AEC II. Compared with no treatment, treatment with MOMC/PER increased the GSH level nearly onefold ([Fig. 3L](#F3){ref-type="fig"}), and MOMC also enhanced the GSH level. Similarly, MOMC/PER increased the SOD level to a certain extent in lung tissues ([Fig. 3M](#F3){ref-type="fig"}). We further explored the repair mechanism for injured AEC II in IPF lungs treated with MOMC or MOMC/PER. The expression of SPC was markedly increased in the MOMC/PER group compared with the BLM group; there was also an augmentation in the expression of SPC in the MOMC group, which showed that MOMC/PER could up-regulate AEC II proliferation or recover injured AEC II to normalize the lungs in IPF and demonstrated that MOMC/PER could promote IPF lungs regeneration ([Fig. 3N](#F3){ref-type="fig"}). The survival time of the MOMC/PER group exceeded 60 days, which was longer than the survival time of the BLM group ([Fig. 3O](#F3){ref-type="fig"}), and the MOMC/PER group did not exhibit any changes in body weight (fig. S6).

Reprogramming of MOMC/PER in vivo
---------------------------------

To investigate the targeting ability of PER NPs through reprogramming to form MOMC/PER in the blood circulation, we conducted the following experiments. The E5-mediated targeting ability of PER-DiI NPs was first evaluated in IPF mice ([Fig. 4A](#F4){ref-type="fig"}). CLSM showed the adhesion of PER-DiI NPs to the surface of MOMC ([Fig. 4B](#F4){ref-type="fig"}, bottom). The confocal images produced the same result as [Fig. 2I](#F2){ref-type="fig"}. Furthermore, PER-DiI NPs were administered to IPF mice model by intravenous injection. The results demonstrated that the PER-DiI NPs adhered to the surface of MOMC ([Fig. 4B](#F4){ref-type="fig"}, middle). More detailed results revealed that the PER-DiI NPs could bind to the MOMC surface and reprogram the MOMC to form MOMC/PER in the peripheral blood by SEM ([Fig. 4B](#F4){ref-type="fig"}, top). In addition, immunofluorescence staining confirmed that the PER-DiI NPs homed to IPF lungs and accumulated in the injured AEC II area after intravenous injection ([Fig. 4C](#F4){ref-type="fig"}). In addition, Nanog-labeled MOMC (green fluorescence) accumulated in higher numbers in IPF lungs than normal lungs, which was similar to previous results ([Fig. 2I](#F2){ref-type="fig"}). We also investigated the targeting capacity of PER-DiR NPs at different time points by in vivo imaging system following intravenous injection, and PLGA-PEG-DiR (PP-DiR NPs), PLGA-PEG-c(RGDfc)--DiR (PR-DiR NPs), and PLGA-PEG-E5-DiR (PE-DiR NPs) were used as controls. The PP-DiR NPs and PR-DiR NPs were mainly found in the liver, while the PER-DiR NPs and PE-DiR NPs mainly accumulated in IPF lungs ([Fig. 4D](#F4){ref-type="fig"} and fig. S7A). The accumulation of the PER-DiR NPs in the lungs peaked at 8 hours, while the lung accumulation of the PE-DiR NPs quickly decreased. The primary reason may be that the PE NPs were delivered to the lungs via MOMC; however, they could not anchor on injured AEC II because they lacked c(RGDfc) and were therefore more rapidly cleared from the circulation than the PER-DiR NPs. Compared with the PE-DiR NPs, the PER-DiR NPs accumulated in IPF lungs for a long time (more than 8 hours), which is important for treating lung disease. A quantitative region of interest (ROI) analysis of PER-DiR NPs accumulation was performed by detecting DiR signal variation in the lungs and other organs ([Fig. 4E](#F4){ref-type="fig"}). Moreover, we evaluated PER-DiI NPs behavior in lung tissues after administration at different times ([Fig. 4F](#F4){ref-type="fig"}). After administration at 0.5 hours, increasing levels of overlapping yellow fluorescence in lung blood vessels were observed for PER-DiI NPs labeled in red and MOMC marked in green, indicating that the PER-DiI NPs arrived at IPF lung tissues through reprogramming to form MOMC/PER-DiI in the blood circulation. Then, the red and green signals were separated at the time point of 2 hours, indicating that the PER-DiI NPs were released from the reprogrammed MOMC/PER-DiI due to the overexpression of MMP-2 in the IPF mice. Furthermore, the released PER-DiI NPs showed a wide distribution in the lung tissues at 4 hours after intravenous injection, which is powerful for treating diseases. These data demonstrated that PER NPs could target IPF lungs by means of attaching to circulating MOMC quickly and could accumulate in lung tissues for a long time to achieve therapeutic efficacy.

![Schematic representation of the performance of PER NPs.\
(**A**) Schematic of PER NPs circulation in vivo, reprogramming of MOMC/PER, and recruitment to IPF tissue. (**B**) The targeting ability of PER-DiI NPs. (**C**) The accumulation of PER-DiI NPs in normal and IPF lungs. (**D**) Fluorescence IVIS imaging (*n* = 3). (**E**) Ex vivo fluorescence imaging and quantification of major organs (*n* = 3). (**F**) The accumulation PER-DiI NPs in the lungs at different times. Lung function indexes of GSH (**G**), SOD (**H**), and MDA (**I**). TGF-β (**J**), IL-1β (**K**), and IL-4 (**L**) by ELISA assay (*n* = 5). (**M**) Proliferation of fibroblasts. (**N**) Expression of collagen I. Statistical significance was calculated via one-way ANOVA.](aba3167-F4){#F4}

We further investigated the antifibrotic efficacy of PER NPs in vivo. With IPF progression, injured AEC II gradually died out due to oxidative stress, which leads to mouse suffocation. Hence, restoring normal lung function has important significance. Compared with the BLM group, the PER NPs group had the promising abilities to repair injured lungs and keep them normal. GSH and SOD levels in the PER NPs group were obviously improved with 0.3- and 1-fold, respectively, which could relieve the oxidative stress in injured AEC II to some extent. The level of malondialdehyde (MDA), a key indicator of oxidative stress, was reduced 0.3-fold in the PER NPs group compared with the BLM group ([Fig. 4, G to I](#F4){ref-type="fig"}). Compared with controls, treatment with PER NPs reduced the production of the three cytokines (TGF-β, IL-1β, and IL-4) in the lungs by 1-, 0.85-, and 0.7-fold, respectively, which showed that the PER NPs effectively inhibited the inflammatory response in IPF lungs ([Fig. 4, J to L](#F4){ref-type="fig"}). We also examined the levels of TGF-β, IL-1β, and IL-4 in the spleen tissues (fig. S7, B to D), which showed consistent results. These results indicated that PER NPs could treat IPF by inhibiting inflammatory responses in IPF lungs. As seen in [Fig. 4M](#F4){ref-type="fig"}, immunofluorescence staining results revealed that the population levels of fibroblasts CD90^+^ labeled in green remained in a relatively stable range, while the population levels of activated fibroblasts indicated great proliferation in the BLM group, supporting the conclusion that compared with no treatment group, the PER NPs had an efficient ability to reverse IPF by inhibiting the activation of fibroblasts. [Figure 4N](#F4){ref-type="fig"} showed that the expression of collagen I was notably decreased in the PER NPs group, which confirmed that PER NPs could achieve therapeutic effects by inhibiting ECM deposition.

Antifibrosis mechanism with dual-drug synergy
---------------------------------------------

We next investigated the antifibrosis mechanism based on the synergistic effect of TRA and AST. We firstly established the different formulations, including PLGA-PEG-TRA-AST (PPTA), PLGA-PEG-TRA (PPT), and PLGA-PEG-AST (PPA), and the morphologies of PPA, PPT, and PPTA were evaluated by TEM (fig S8). As shown in [Fig. 5A](#F5){ref-type="fig"}, the results of immunofluorescence staining showed that the expression of the vimentin as cytoskeletal protein was increased after treatment with different formulations in human lung epithelial cell carcinoma (A549). In particular, compared with other treatments, the PER NPs significantly increased the expression of vimentin, indicating that PER NPs had the capacity to keep injured AEC II normal. To assess the repair mechanism induced by the drugs combination, the ROS were detected using ROS probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA) via inverted fluorescence microscopy and flow cytometry. The ROS content was significant decreased in the PPTA group compared with the untreated and single-drug groups (PPT and PPA) ([Fig. 5B](#F5){ref-type="fig"}). Although the PPA group exhibited some changes than PPT, this effect was not as strong as that in PPTA group, because the PPTA groups exhibited synergistic effect that relieved oxidative stress in injured AEC II than other control formulations. Furthermore, the PPTA group also showed a reduced mitochondrial membrane potential in TGF-β--induced cells ([Fig. 5C](#F5){ref-type="fig"}), which supported the conclusion that the efficacy in PPTA group was the result of repairing mitochondrial function with relief of oxidative stress in the mitochondria. In the microenvironment of IPF lungs, myofibroblast can be derived from injured AEC II undergoing epithelial-mesenchymal transition (EMT), which aggravates the progression of IPF. As observed in a wound healing assay and invasion assay ([Fig. 5D](#F5){ref-type="fig"}), PPTA effectively inhibited the occurrence of EMT. Furthermore, fibronectin is a structural protein in the ECM, which is a crucial indicator of IPF progression. The expression of fibronectin was obviously decreased in PPTA group than PPT and PPA groups, thus inhibiting the differentiation of injured AEC II into myofibroblast ([Fig. 5E](#F5){ref-type="fig"}). Next, we also tested IPF-reversing efficacy by monitoring the recovery of the lung architecture and improvement in lung functions in vivo. As shown in [Fig. 5F](#F5){ref-type="fig"}, collagen I deposition in the PPTA group returned to normal levels, as determined by H&E and Masson staining, demonstrating that the PPTA could recover the architecture of injured lungs compared with no treatment or single-drug groups (PPT and PPA). Similarly, the expressions of α-SMA and collagen I were tested by immunohistochemistry (IHC), which also obtained the same results that the synergistic effect of PPTA could effectively inhibit myofibroblast activation and ECM deposition. In addition, the level of hydroxyproline, the main component of the ECM, was also decreased after treatment with PPTA compared with other treatments ([Fig. 5G](#F5){ref-type="fig"}), suggesting that PPTA had the ability to diminish ECM deposition and retard IPF progression. Furthermore, we detected the expression of α-SMA to evaluate the myofibroblasts activation by Western blotting. The lungs were collected after treatment with PPTA, PPT, or PPA for 28 days. The results showed that α-SMA expression, as the major evaluation index for IPF, was significantly reduced in PPTA group ([Fig. 5H](#F5){ref-type="fig"}). In addition, the results of real-time quantitative polymerase chain reaction (qPCR) showed that the relative mRNA expressions of CTGF (*Ctgf*) and α-SMA (*Acta2*) significantly decreased in PPTA group, which indicated that the combination of AST and TRA can achieve efficient therapeutic efficacy by inhibiting myofibroblasts overactivation ([Fig. 5, I and J](#F5){ref-type="fig"}). Moreover, MDA expression decreased, and SOD and GSH levels increased after treatment in PPTA group compared with the PPT and PPA groups. Together, these results implied that the combination of AST and TRA could recover IPF lung function through synergistic effect that was not observed with the other treatments ([Fig. 5, K to M](#F5){ref-type="fig"}). The various formulations as mentioned above were safe by intravenous injection through H&E staining (fig. S9).

![Antifibrosis mechanism with dual drugs synergy.\
(**A**) Expression of the vimentin in vitro. (**B**) The ROS level in vitro. (**C**) The changes of mitochondrial membrane potential. (**D**) Invasion assay. (**E**) Fibronectin expression. (**F**) H&E, Masson, and IHC staining. (**G**) The level of hydroxyproline. (**H**) The α-SMA and β-actin by Western blotting. The mRNA expression of *Acta2* (**I**) and *Ctgf* (**J**) by qPCR (*n* = 3). Contents of GSH (**K**), MDA (**L**), and SOD (**M**) (*n* = 5). Statistical significance was calculated via one-way ANOVA.](aba3167-F5){#F5}

Comparison of the antifibrotic effect between MOMC/PER and traditional treatment
--------------------------------------------------------------------------------

To further investigate the antifibrotic efficacy of MOMC/PER and pirfenidone as a conventional therapeutics for IPF, we evaluated the ability of these treatments to repair lung tissue and inhibit collagen I deposition through H&E and Masson staining, respectively, after 28 days of administration. As shown in [Fig. 6A](#F6){ref-type="fig"}, the alveolar structure in the BLM group collapsed, and alveolar wall thickness increased notably, indicating that collagen I was accumulated and that alveolar heterogeneity was aggravated. Similarly, the alveolar morphologies in the pirfenidone group also showed collapse via H&E staining. In contrast, MOMC/PER could obviously repair the collapsed part of the alveolar space, narrow the spaces between the alveoli, and produce a thinner alveolar wall that tended to appear normal by H&E staining, which demonstrated that MOMC/PER had greater reparative effect on alveolar structure than pirfenidone. In addition, MOMC/PER group showed notable decrease compared with the pirfenidone group in inflammatory cell infiltration. The PER NPs were also more competent in restoring alveolar structure than the clinical drug pirfenidone. This effect was observed because the PER NPs could undergo reprogramming to form MOMC/PER in the blood circulation and then reach their destination, which was consistent with the above results. We further confirmed therapeutic efficacy in regard to ECM deposition by Masson staining ([Fig. 6B](#F6){ref-type="fig"}). Compared with that in the pirfenidone group, the ECM accumulation in the lungs, which appeared as blue staining, was notably reduced in the MOMC/PER group. The results for Masson staining showed that MOMC/PER had greater power than pirfenidone to prevent IPF progression by inhibiting ECM deposition. The main reason for the limited therapeutic effect of pirfenidone was its low bioavailability as an oral drug, and onefold treatment target is the second therapeutic limitation of pirfenidone. Overall, the antifibrotic efficacy in the MOMC/PER group was the best efficacy observed through H&E and Masson staining, and PER NPs had better efficacy than pirfenidone or MOMC. In addition, the fibrosis score of different formulations showed the same trend in fig. S10. These data demonstrated that MOMC/PER showed a preferable combination efficacy over the U.S. Food and Drug Administration (FDA)--approved therapeutic pirfenidone or using MOMC or PER NPs alone.

![The whole lungs were investigated after treatment on day 28.\
(**A**) H&E staining. (**B**) Masson staining. The levels of TGF-β in the lungs (**C**) and spleen tissues (**D**). N.S., not significant. The levels of IL-1β in the lungs (**E**) and spleen tissues (**F**). BUN (**G**), ALT (**H**), and aspartate aminotransferase (**I**) in serum (*n* = 4). Statistical significance was calculated via one-way ANOVA.](aba3167-F6){#F6}

Then, we further evaluated the antifibrotic effect in various groups by examining biochemical indexes of IPF. We first examined the expressions of TGF-β and IL-1β in the lungs and spleen tissues, respectively. The results in the lungs showed that TGF-β expression was reduced onefold in the MOMC/PER group (*P* = 0.015) compared with the BLM group and became close to normal ([Fig. 6, C and D](#F6){ref-type="fig"}). However, there was no significant difference between the pirfenidone group and the BLM group, and the level of TGF-β in the PER NPs group was lower than that in the pirfenidone group. In addition, the TGF-β level in the spleen tissues was significantly decreased in the MOMC/PER group (*P* = 0.002) compared with the BLM group. However, the level of TGF-β in the pirfenidone group was similar to that in the BLM group. The main reason is that pirfenidone is used to treat IPF by inhibiting the accumulation of collagen I, but it has no therapeutic effect on the simultaneous inflammatory response or cytokine expression. The results demonstrated that MOMC/PER had the best antifibrotic efficacy, which was superior to the efficacy achieved by pirfenidone and was mediated by inhibiting the expression of cytokines in the lungs. Furthermore, we detected the expression of IL-1β in the lungs and spleen tissues to investigate the antifibrotic effects of different formulations ([Fig. 6, E and F](#F6){ref-type="fig"}). The trends in IL-1β expression were similar to TGF-β; all the treatments could reduce the expression of IL-1β, and MOMC/PER showed the best therapeutic efficacy (*P* = 0.001) in all the treatments. In addition, the IL-1β level in the pirfenidone group was maximal, indicating that compared with the other treatment groups, including the MOMC/PER and PER NPs alone groups, the pirfenidone group showed minimal anti-inflammatory effects. These results indicated that MOMC/PER could achieve a greater treatment effect on IPF than pirfenidone by inhibiting the expression of cytokines in the inflammatory phase; the efficacy of PER NPs was second only to MOMC/PER, and pirfenidone and MOMC were weaker than the PER NPs.

To assess the safety of the treatments in vivo, we then evaluated biological indexes for each formulation after treatment. The levels of blood urea nitrogen (BUN), alanine transaminase (ALT), and aspartate aminotransferase were detected to evaluate the function of the kidneys, liver, and heart, respectively ([Fig. 6, G to I](#F6){ref-type="fig"}). The levels of BUN, ALT, and aspartate aminotransferase were not significantly different between the pirfenidone and other groups (the MOMC/PER, PER NPs, and MOMC groups). As an oral drug approved by the FDA for the treatment of IPF, pirfenidone is highly recognized for its safety in application. Similarly, our different formulations obtained results of safety equivalent to pirfenidone for a certain period of time, indicating that MOMC/PER, MOMC, and PER NPs could also be safely administered by intravenous injection and could be used clinically.

DISCUSSION
==========

IPF is characterized by injured AEC II and activated myofibroblast, resulting in ECM deposition. To date, the FDA has approved only two drugs (pirfenidone and nintedanib) for IPF treatment. Unfortunately, curing end-stage IPF is inefficient due to the narrow therapeutic spectrums and insufficient accumulation of these drugs in the lungs ([@R3]). As a result, traditional therapies have done little to reverse IPF ([@R4]). To address this problem, we developed programmed therapeutics MOMC/PER to reverse IPF by efficient lung delivery, programmed modules, and double synergetic strategies.

Two synergetic strategies including drug/drug and cell/drug involved in reversing IPF were shown for the MOMC/PER here. First, the drug/drug as weeding and uprooting strategy could repair injured AEC II and inhibit myofibroblast activation, achieving first synergetic antifibrosis effect. In particular, one drug (AST) acted as the "uprooting" part of the treatment strategy, repairing injured AEC II by neutralizing oxidative stress. The other drug (TRA) acted as the "weeding" portion of the strategy, inhibiting the differentiation of fibroblasts into myofibroblast by suppressing CTGF production. Second, some studies have demonstrated that MOMC is multipotent cell that can be specifically recruited to injured lung tissues through interactions between chemokine receptors and chemotactic factors ([@R36]--[@R38]) and contribute to lung tissue normalization and regeneration ([@R39]). In addition, MOMC also plays a vital role in regulating the population of immune cells during the inflammatory phase of disease progression ([@R40]). Similarly, our results also showed that MOMC could inhibit the proliferation of inflammatory cells, such as lymphocytes and white blood cells. This is another synergetic effect called cell/drug. PER NPs also exhibited greater antifibrotic effects than pirfenidone due to their efficient lung-targeting ability and combination of AST and TRA, as these PER NPs could target MOMC in the circulation, accumulate in the lungs effectively, and then reverse IPF collaboratively. The limited treatment efficacy of pirfenidone is mainly due to its low bioavailability, narrow therapeutic spectrum, and functions by inhibiting myofibroblast activation only.

In addition, MOMC/PER is strategically distinct from nanodelivery carrier ([@R41]) and drug-loaded cells carrier ([@R14]). The traditional nanodelivery system for IPF always presents dissatisfactory accumulation and unexpected drug release at the lesion site. Even these defects can be avoided for IPF therapy, the therapeutic efficacy is also limited to onefold treating target, and these shortcomings make IPF hard to reverse. In addition to nanodelivery systems, cell-mediated drug delivery has also received more attention in disease treatment. The classic cell-based delivery strategy for treating disease is reliant on drugs being loaded into cells by endocytosis ([@R15]). However, cells are difficult to load with large quantities of drugs, and chemotherapeutics may be highly toxic to cells undergoing loading. Hopefully, the PER NPs adhere to the MOMC surface in our study could surmount this challenge in conventional drug loading of cells. PER NPs were firstly attached to MOMC surface and then precisely delivered to the lungs via the homing ability of MOMC and activated for IPF reversion. However, there is still an unresolved point in our research, which is that the treatment mechanism of MOMC remains unclear. Our results indicated that MOMC might up-regulate AEC II proliferation or recover injured AEC II to normalize the lungs. The mechanism of MOMC differentiation for IPF treatment requires further exploration. In addition, some studies have indicated that MOMC could partly treat early IPF through regulating the immune response by inhibiting the proliferation of immune cells in vivo ([@R42]). It is unclear whether MOMC is effective for IPF therapy during different periods.

Compared with conventional antifibrotic strategies, our previous unknown programmed therapeutics MOMC/PER has showed accurate lung targeting and excellent therapeutic effects. The excellent antifibrotic efficacy of the MOMC/PER was achieved through the following features. (i) MOMC has the ability to backpack PER NPs, constructing programmed therapeutics MOMC/PER. (ii) MOMC/PER can precisely accumulate in IPF lung tissues due to the homing ability of the MOMC. (iii) PER NPs are sensitively released from MOMC/PER due to the overexpression of MMP-2 in the IPF microenvironment. (iv) Released PER NPs are able to retarget injured AEC II through c(RGDfc). (v) PER NPs can reduce the secretion of TGF-β by occupying TGF-latent sites. (vi) Two drugs loaded into PER NPs are the key factors in achieving IPF reversion of drug/drug as weeding and uprooting. In addition, MOMC also participates in AEC II regeneration using cell/drug strategy. Specifically, MOMC-mediated delivery therapeutics is convenient, and the materials used in our PER NPs have all been approved by the FDA, which indicates certain advantages for further clinical development. Overall, we have proposed an innovative concept to cure IPF through using native cells as a delivery carrier and a dual-drug combination as therapeutic agents, and this strategy is likely to be applicable to other major diseases.

MATERIALS AND METHODS
=====================

Materials
---------

MMP-2, α-SMA rabbit anti-mouse antibody, and DCFH-DA were purchased from Sigma-Aldrich (St. Louis, USA). SPC rabbit anti-mouse antibody was purchased from Millipore (St. Louis, USA). Lymphocyte isolation kit was purchased from Solarbio Science & Technology Co. Ltd. (Beijing, China). PLGA-PEG-Mal and PLGA-PEG-c(RGDfc) were purchased from Jinan Daigan Biomaterial Co. Ltd. (Jinan, China). RPMI 1640, fetal bovine serum (FBS), and bicinchoninic acid (BCA) protein assay kit were purchased from Jiangsu KeyGEN BioTECH Co. Ltd. (Nanjing, China). The peptide E5 (CGPLGIAGQCGGRSFFLLRRIQGCRFRNTVDD) was synthesized by Top Peptide Biotechnology Co. Ltd. (Shanghai, China). AST was purchased from Yuanye Bio-Technology Co. Ltd. (Shanghai, China). TRA was purchased from J&K Scientific Co. Ltd. (Beijing, China). DiI, 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO), and DiR were purchased from Fanbo Biochemicals Co. Ltd. (Beijing, China). DAPI (4,6-diamino-2-phenylindole) and mitochondrial membrane potential kit of JC-1 were purchased from Beyotime Biotechnology Co. Ltd. (Shanghai, China). CXC chemokine ligand 12 (CXCL 12) and CC chemokine ligand 19 (CCL 19) were purchased from Zoonbio Biotechnology Co. Ltd. (Beijing, China). BLM was purchased from Zhejiang Huahai Pharmaceutical Co. Ltd. (Linhai, China). TGF-β was purchased from Multi Sciences Biotech Co. Ltd. (Hangzhou, China). C6 was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). LysoTracker Red DND-99 kit was purchased from Thermo Fisher Scientific (Waltham, USA). Nanog, TGF-β/Smad and collagen I rabbit anti-mouse antibodies, and H&E and Masson staining kits were purchased from Servicebio Co. Ltd. (Nanjing, China). GSH, MDA, SOD, and hydroxyproline were purchased from Jiancheng Biotech Co. Ltd. (Nanjing, China). IL-1β and IL-4 detection kits were purchased from eBioscience (Waltham, USA). TGF-β detection kit was purchased from BioLegend (CA, USA). Polyvinylidene difluoride (PVDF) was purchased from PALL (NY, USA). Electrogenerated chemiluminescence (ECL) was purchased from Tanon Science & Technology Co. Ltd. (Shanghai, China).

Isolation and culture of primary MOMC
-------------------------------------

MOMC was isolated from peripheral blood by a mouse lymphocyte isolation kit. To obtain the MOMC, peripheral blood was collected from the C57BL/6J mice of IPF with EDTA and diluted three times with phosphate-buffered saline (PBS). The isolated protocol of MOMC was as follows: The mouse Percoll was added into diluted peripheral blood solution, and MOMC was isolated from peripheral blood by centrifugation at 600 rpm for 30 min. The solution was divided into upper, middle, and lower layers, and MOMC existed in the middle layer. Then, the MOMC was taken into centrifuge tube of 15 ml, and cell washing buffer of 5 ml was added into the tube. The cell suspension was then centrifuged for another 30 min, and it needed to be repeated three times to obtain MOMC. Last, the cell deposits were resuspended, and the suspension was put into the culture dish in RPMI 1640 medium with 10% FBS at 37°C and 5% CO~2~ ([@R22], [@R23]). The adherence time for dishes of MOMC was about 2 weeks. The MOMC was a kind of adherent cells, and the morphologies of cells were fusiform. After the cells adhere to the dish, the medium was changed once every 3 days.

Preparation of PER NPs
----------------------

PER NPs were prepared by antisolvent precipitation method. Peptide E5 modification was prepared as follows. Specifically, the PLGA-PEG-Mal and PLGA-PEG-c(RGDfc) (mass ratio, 10:1) and dual drugs of AST and/or TRA were dissolved in dimethyl sulfoxide (50 mg/ml, 2 ml), added dropwise into deionized water with 100 ml, and then stirred with 300 rpm for 2 hours. Next, the prepared nanoparticle solution (NPs) was centrifuged at 2800 rpm for 15 min to discard the large particles and free drug. The NPs were then condensed to concentration of 2 ml by ultrafiltration device for further use. Last, the peptide E5 was added into the solution of NPs to form PER NPs. The preparation process of other groups including PLGA-PEG-c(RGDfc) (PR NPs), the preparation of PLGA-PEG-E5 (PE NPs), and the preparation of PLGA-PEG (PP NPs) were similar to PER NPs.

Preparation of MOMC/PER
-----------------------

The preparation of MOMC/PER was carried out by incubating MOMC with PER NPs. Briefly, the MOMC (2 × 10^5^ cells/ml) was cultured in a petri dishes with a diameter of 100 mm. After incubated with the FBS-free media for 1 hour, PER NPs at a TRA concentration of 40 μg/ml were added into MOMC medium and incubated for 2 hours at 37°C and 5% CO~2~. At the same time, the CXCR4 receptor and ligand peptide E5 would undergo bioconjugate reaction.

Characterization of MOMC/PER
----------------------------

The hydrodynamic diameters and ζ potentials for PER NPs suspended in 1 × PBS were measured by Brookhaven Instruments (NY, USA). The morphologies of PER NPs were characterized by TEM (Hitachi TEM system, Japan).

For MOMC/PER-DiI, characterization of adhesion between MOMC and PER-DiI NPs was imaged by CLSM (Carl Zeiss 700, Germany). Specifically, MOMC was cultured in 35-mm culture dishes and incubated with PER-DiI NPs for 2 hours, and the preparation of PER-DiI NPs was the same as mentioned above. The nucleus of MOMC was labeled with DAPI and MOMC membrane was labeled by DiO. For SEM characterization, MOMC/PER-DiI was coated with gold/palladium and examined by Hitachi-SU8020 (Japan).

Release of PER NPs from MOMC/PER at the condition of MMP-2 in vitro
-------------------------------------------------------------------

The sensitive release properties of PER NPs from MOMC/PER in vitro was evaluated under the microenvironment of MMP-2 in vitro. MMP-2 enzyme was applied to release PER NPs by degrading the linker of GPLGIAGQ between PER NPs and MOMC. The characterization of released activity was investigated in vitro. First, MMP-2 (2 μg/ml, 1 ml) was added into MOMC/PER-DiI medium for 30 min. Then, MOMC and released PER-DiI NPs were detected by flow cytometry (BD FACSCalibur, USA) or fixed by 4% paraformaldehyde (w/v) for CLSM and 2.5% glutaral for TEM. Besides, the nucleus of MOMC was labeled with DAPI for 30 min at 37°C, and the MOMC membrane was labeled with DiO for 15 min at 37°C. MMP-2 enzyme was dissolved in deionized water and free RPMI 1640 (volume ratio, 1:20) at a concentration of 2 μg/ml. After that, the released PER NPs and MOMC in solution were prepared for the other testing assay and image.

Loading ability of MOMC
-----------------------

The loading ability of MOMC was detected by the concentration of TRA and AST. First, MOMC was cultured in dishes with 100 mm. After MOMC adhered on the dishes, PER NPs were added into the culture dishes and incubated with MOMC for 2 hours in RPMI 1640 with free FBS, and then, MOMC/PER was washed thrice with PBS and digested with 0.25% trypsin-EDTA solution. Next, cells were harvested by centrifugation at 1000 rpm for 3 min and counted with a hemocytometer. Last, the cells were resuspended with PBS of 1 ml, and the absorbance was determined at 326 nm for TRA and 491 nm for AST by Multiskan GO (Thermo Fisher Scientific, USA).

Migration assay of MOMC/PER in vitro
------------------------------------

The migration capacity of MOMC/PER was investigated by a Transwell device. First, the MOMC were cultured into the upper chambers with pore sizes of 8.0 μm with 2 × 10^4^ in 400 μl of RPMI 1640 with FBS-free media for 24 hours. The cells were divided into three groups, including CXCL 12 (−) or CCL 19 (−) of MOMC, CXCL 12 (+) or CCL 19 (+) of MOMC, and CXCL 12 (+) or CCL 19 (+) of MOMC/PER. RPMI 1640 with 10% FBS and CXCL 12 (10 μg/ml) or CCL 19 of 600 μl was added to the lower chamber into the 24-well plates. Then, the MOMC in MOMC/PER group was added PER NPs at concentration of 40 μg/ml and incubated for another 24 hours. At last, the Transwell chambers were stained with crystal violet and were dissolved with 33% acetic acid, and the absorbance of solution was tested at 570 nm.

Animals and cell culture
------------------------

C57BL/6J male mice were obtained from East China Normal University Laboratory Animal Technology Co. Ltd. (Shanghai, China) and housed with a 12-hour light/12-hour dark cycle at 25°C. All the animal protocols and procedures were performed under the guidelines for human and responsible use of animals in research approved by the regional ethics committee of China Pharmaceutical University. After acclimatization for 7 days, mice were subjected to IPF model experiments. IPF mice models were established by inhalation of BLM through endotracheal intubation (2 U/kg, 40 μl; Braintree Scientific, USA). Next, the mice were randomly assigned to the treatment. For the cell culture, A549 and MOMC were cultured in RPMI 1640 media containing 10% FBS and 1% penicillin and streptomycin at 37°C and 5% CO~2~.

Antifibrosis mechanism of dual drugs in vitro
---------------------------------------------

A549 cells were cultured in six-well plates at 37°C and 5% CO~2~ for 24 hours and then incubated for another 24 hours with pure PPA, PPT, or PPTA at TRA concentration of 20 nM. The expression of vimentin and fibronectin was investigated by immunofluorescence staining.

Wound healing assay in vitro
----------------------------

The invasion ability of TGF-β--induced A549 cells was evaluated by wound healing tests after treated with various formulations. First, A549 cells were seeded in six-well plates at 15 × 10^4^ cells per dish and incubated for 24 hours. Next, a 10-μl pipette tip was used to scratch wells in the middle of the dishes, and then, A549 cells were washed three times with PBS to remove suspended cells. The cells from each group were imaged by inverted fluorescence microscope (Nikon, Japan) to observe the extents of wound healing after treated with PPT, PPA, PPTA, and PER NPs at 24 hours.

Cell migration assay in vitro
-----------------------------

The migration capability of TGF-β--induced A549 cells was investigated by a Transwell device. The A549 cells of 5 × 10^4^ in 400 μl of RPMI 1640 with FBS-free media were added to the upper chambers with pore sizes of 8.0 μm for 24 hours, and RPMI 1640 with 10% FBS media of 600 μl was added to the lower chamber into the 24-well plates. Then, the cells were incubated with PPT, PPA, PPTA, and PER NPs (20 nM of TRA concentration) for another 24 hours. After incubation, the Transwell chambers were stained with crystal violet and were dissolved with 33% acetic acid, and the absorbance of solution was tested at 570 nm.

ROS detection in vitro
----------------------

A549 cells were seeded on six-well plates (15 × 10^4^ per well) and incubated overnight. First, the cells were activated by TGF-β, and then, various treatment groups were incubated with A549 cells for 24 hours (TGF-β, normal, PPT, PPA, PPTA, and PER NPs). Next, the ROS probe DCFH-DA (5 μM) was added into the dishes and incubated with cells in RPMI 1640 media with free FBS at 37°C under 5% CO~2~ in the dark for 15 min. Last, cells were digested, and the content of ROS was analyzed by flow cytometry (BD Accuri C6, USA) and imaged by inverted fluorescence microscope, respectively.

Changes of mitochondrial membrane potential in vitro
----------------------------------------------------

A549 cells were cultured on six-well plates (15 × 10^4^ per well) overnight at 37°C and 5% CO~2~. After treated with different formulations for 24 hours, 500 μl of mitochondrial membrane potential reagent of JC-1 (1×) solution was added into the dishes for 20 min. Then, the cells were stained by 4% paraformaldehyde (w/v) and imaged by inverted fluorescence microscope.

Intracellular uptake in vitro
-----------------------------

First, A549 cells were seeded on a 35-mm sterile glass bottom culture dishes (2 × 10^5^ cells) and cultured overnight in RPMI 1640 with 10% FBS. The preparation of PR-C6 and PP-C6 was same as mentioned above for PER NPs. The PR-C6, PP-C6, and C6 were then incubated with A549 cells for 4 hours at 5 μg/ml. Next, the cells were washed three times by PBS, and the nucleus was stained with DAPI. Images and data were acquired with CLSM and flow cytometry (BD Accuri C6, USA).

Lysosome escape in vitro
------------------------

The A549 cells of 5 × 10^4^ were cultured in a 35-mm sterile glass bottom culture dishes. After the cells were cultured overnight in RPMI 1640 with 10% FBS for 24 hours, PR-C6 and PP-C6 were incubated with A549 cells for 1 and 4 hours at 5 μg/ml. Then, the cell dishes were washed three times by PBS and fix by 4% paraformaldehyde (w/v). Lysosome was stained with LysoTracker Red DND-99 kit (100 nM) for 15 min, and the dishes were washed three times with PBS. Then, the cell nucleus was stained by DAPI like above method. Images were acquired by CLSM.

Lung target capacity and biodistribution study of MOMC/PER-DiR in vivo
----------------------------------------------------------------------

MOMC/PER-DiR was prepared by the method as mentioned above for PER NPs. The homing ability of MOMC was detected in vivo by IVIS imaging system (Kodak, USA). C57BL/6J mice were induced IPF by inhalation of BLM. Then, the IPF mice were injected with MOMC/PER-DiR, MOMC-DiR, and free DiR by intravenous injection and tested by IVIS living system at different point times. Then, the mice are sacrificed, and the lungs and other organs were harvested for ex vivo imaging after 8 hours of intravenous injection. ROI was circled around the lungs and the other organs (liver, heart, spleen, and kidneys). The fluorescence intensity of the DiR was determined by living image software.

Behavior of MOMC/PER-DiR in vivo
--------------------------------

The PER NPs can be released from MOMC/PER-DiI by MMP-2, owing to responsive blocking the linker between PER NPs and MOMC. We have investigated the homing capability, responsive release, and retarget ability. We first administrated MOMC/PER-DiI by intravenous injection, and the preparation of MOMC/PER-DiI was applied by the methods as mentioned above. The mice were sacrificed, and lung tissues were harvested at different point time of 30 min, 1 hour, and 2 hours in a dark place. First, the lung tissues were fixed with 4% paraformaldehyde (w/v), and then, the tissues were embedded and dewaxed before slicing. Next, the lung slices were labeled by Nanog and SPC at 4°C for 1 hour and washed with 0.2% Triton X-100 for three times. Then, they were incubated with relevant secondary antibodies for 2 hours. Thereafter, the slices were stained with DAPI and viewed under fluorescence microscope.

PER NPs are reprogramming of PER NPs in vivo by IVIS imaging system
-------------------------------------------------------------------

The IPF mice were injected with PER-DiR NPs, PE-DiR NPs, PR-DiR NPs, and PP-DiR NPs by intravenous injection at different point times for 1, 4, 8, 12, and 24 hours and tested by IVIS imaging system. The preparation of PER-DiR NPs, PE-DiR NPs, PR-DiR NPs, and PP-DiR NPs were the same method as mentioned above, and then, the mice were sacrificed, and the lungs and other organs were harvested to detect ex vivo imaging after intravenous injection at 24 hours. ROI was tested on the lungs and the other organs (liver, heart spleen, and kidneys). The fluorescence intensity of the DiR was determined by living image software.

Treatment efficacy of treatments in vivo
----------------------------------------

The antifibrotic efficacy in MOMC/PER, MOMC, PER NPs, and pirfenidone for IPF treatment in vivo was evaluated on IPF male mice (C57BL/6J, age of 6 to 8 weeks). The preparations of MOMC/PER and PER NPs were the same method as mentioned above. Pirfenidone was administered by gastrointestinal because it is an oral medication, and other formulations were administered via intravenous injection.

Biochemical indexes
-------------------

The contents of MDA, SOD, and GSH were detected after treated with various treatments in lung tissues. The protocols are as follows: Solution 1 of 1.5 ml was added into the lung tissues solution (0.5 ml) and mixed thoroughly. Then, the samples were centrifuged for 10 min at 3500 to 4000 rpm. The sample supernatant was added into 3,3′,5,5′-tetramethyl benaidine (TMB substrate), and the absorbance of GSH was detected after 5 to 10 min at 420 nm. The contents of SOD and MDA were tested at 550 and 532 nm, respectively.

Content of TGF-β, IL-1β, and IL-4 in vivo
-----------------------------------------

The lungs and spleen tissues were collected and diluted in precooled solution. The IL-1β, TGF-β, and IL-4 in lung tissues were assayed using enzyme-linked immunosorbent assay (ELISA) method as instructed by the manufacturer. First, the wells were washed three times with a washing buffer for 3 min each time. Next, the blocking solution of 200 μl was added into each well and incubated for 1 to 2 hours at 37°C. Then, the sealing film was removed carefully and putted it into the washing machine and washed three to five times. Furthermore, the sample of 100 μl was added and should be tested diluted appropriately to the above coated reaction wells, and the diluted biotinylated antibody working solution was added with 100 μl into each well. Then, the samples were sealed with a sealing membrane and incubated at 37°C for 1 hour. The following step was that 100 μl of diluted enzyme conjugate working solution was added into each well. Next, TMB substrate solution with 100 μl was added into each well and should be avoided reaction with light for 10 to 30 min at 37°C until a notable color gradient appears in the diluted standard well. Within 10 min, the absorbance of each well was measured on a microplate reader at 450 nm with zero adjustment of the blank control well.

Content of hydroxyproline in vivo
---------------------------------

The content of hydroxyproline was detected by a hydroxyproline detection kit. The lung tissues of 30 to 100 mg were mixed with hydrolysate to 1 ml and hydrolyzed in boiling water for 20 min. The sample solution was pH 6.0 to 6.8. Then, the serum hydrolysate was added activated carbon and mixed at 60°C for 15 min. After cooling, the serum samples were centrifuged at 3000 rpm for 20 min, and the supernatant was detected by microplate reader at 550 nm.

Proliferation of inflammatory cells in vivo
-------------------------------------------

The whole blood from mice was collected by anticoagulant tube with EDTA, and white blood cell counts (including lymphocytes and monocytes) were assayed using a standard blood analyzer (Mindray, China).

HE, Masson, and IHC in vivo
---------------------------

After treatment with different formulation, the lungs, heart, liver, spleen, and kidneys were harvested, and lungs were investigated by H&E, Masson, and IHC staining. Other organs were detected by H&E staining to evaluate the application security. First, the lung tissues were fixed with 4% paraformaldehyde (w/v) for more than 48 hours and embedded in paraffin. Then, the lung tissues were cut into 4-μm sections for H&E staining and Masson staining. The levels of collagen I and α-SMA were evaluated by IHC, and protocols are as follows: The slices were incubated with primary antibodies (collagen I and α-SMA or fluorescently labeled CD90 and collagen I, Servicebio, China) and then incubated with corresponding secondary antibodies to detect the expression of relative proteins.

mRNA expression of *Ctgf* and *Acta2* in vivo
---------------------------------------------

The qPCR analysis was evaluated RNA expression of *Ctgf* and *Acta2*. qPCR was conducted in ABI StepOnePlus (Thermo Fisher Scientific, USA). Lung tissues (100 mg) were homogenized to extract the total RNA according to the protocols. Complementary DNA (2 μg) was prepared using the Reverse Transcription System, and then, the expression of related genes was determined using q-PCR. The primers used are *Acta2* (NM_007392.3), *Ctgf* ([@R43]), and *Gapdh* (NM_008084.2).

Western blotting
----------------

The harvested lungs were homogenized in PBS buffer and then centrifuged at 3000 rpm for 30 min. The supernatant of total protein was taken for further experiments. Total protein concentration in the solution was determined with a BCA protein assay kit. After detecting in SDS-PAGE with protein samples in different treatment groups, the bands were transferred onto PVDF membrane. Next, the PVDF membranes were blocked with 5% milk at room temperature for 2 hours and incubated with primary antibodies (α-SMA, TGF-β/Smad, and β-actin rabbit anti-mouse antibodies) at 4°C overnight and then incubated with corresponding secondary antibodies for 2 hours at room temperature. Last, the bands were detected using ECL (Tanon, China) Western blotting substrate (Thermo Fisher Scientific, USA). The β-actin was used as an endogenous control.

Safety evaluation
-----------------

The mice were sacrificed, and the serum samples were detected in different treatment groups. The contents of ALT, aspartate aminotransferase, and BUN in the serum were determined using the relevant assay kits (Servicebio, China).

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism software (GraphPad Software, USA). All error bars were means ± SEM; differences detection index between the treated groups and control groups were determined via one-way analysis of variance (ANOVA). *P* \< 0.05 was considered significantly different.
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